METHOD, DEVICE, AND SYSTEM FOR REGENERATING OPTICAL SIGNAL 



BACKGROUND OF THE INVENTION 

Field p£ thg Invention 

The present invention relates to a method, device, and 
system for regeneration of an optical signal. 
Description of the Related Art 

In an optical fiber communication system that has been 
put to practical use in recent years, a reduction in signal 
power due to transmission line loss, coupling loss, etc. is 
compensated by using an optical amplifier such as an erbium 
doped fiber amplifier (EDFA). The optical amplifier is an 
analog amplifier, which functions to linearly amplify a signal. 
In this kind of optical amplifier, amplified spontaneous 
emission (ASE) noise generated in association with the 
amplification is added to cause a reduction in signal-to- 
noise ratio (S/N ratio), so that the number of repeaters is 
limited to result in the limit of a transmission distance. 
Further, waveform degradation due to the chromatic dispersion 
owned by an optical fiber and the nonlinear optical effects 
in the fiber is another cause of the transmission limit. To 
break down such a limit, a regenerative repeater for digitally 
processing a signal is required, and it is desirable to realize 
such a regenerative repeater. In particular, an all-optical 
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regenerative repeater capable of optically performing is 
important in realizing a transparent operation independent 
of the bit rate, pulse shape, etc. of a signal. 

The functions required for the all-optical 
regenerative repeater are amplitude restoration or 
reamplif ication, timing restoration or retiming, and waveform 
shaping or reshaping. Of these functions, special attention 
is paid to the reamplif ication function and the reshaping 
function in the present invention to provide an all-optical 
regenerative repeater in an optical communication system or 
a signal regenerator at any node point in an optical network 
by using frequency chirp due to a self -phase modulation (SPM) 
effect exhibited during propagation of an optical pulse in 
an optical waveguide structure such as an optical fiber. 

The most general one of conventional waveform shapers 
or optical regenerators is an OE type waveform shaper so 
designed as to once convert an input optical signal into an 
electrical signal by using a photodetector such as a photodiode^ 
next subject this electrical signal to electrical waveform 
shaping by using a logic circuit , and thereafter modulate laser 
light by the waveform-shaped signal. Such an OE type waveform 
shaper is used for a regenerative repeater in a conventional 
optical communication system. However, the operating speed 
of the OE type waveform shaper is limited by an electronic 



circuit for signal processing, so that the bit rate of an input 
signal to the regenerative repeater is fixed to a low rate. 

On the other hand, as an all-optical waveform shaper 
capable of performing all kinds of processing in optical level, 
there has already been proposed various ones including a 
nonlinear switch accompanying wavelength conversion, such as 
a nonlinear optical loop mirror (NOLM) or a Michelson or 
Mach-Zehnder interferometer, and a switch employing a 
saturable absorber (see Japanese Patent Application Nos. 
11-133576, 11-239854, and 11-293189). 

In the prior art mentioned above, however, there is a 
problem that a signal of only one channel can be processed 
at a time. That is, in the case that the optical signal to 
be reproduced is WDM signal light obtained by wavelength 
division multiplexing a plurality of optical signals having 
different wavelengths, it is necessary to carry out a method 
for regenerating the optical signal plural times or to use 
a plurality of devices for regenerating the optical signals. 
As a result, the repeated course of carrying out the method 
is troublesome or the overall configuration of the plural 
devices become large in scale. 

SUMMARY OF THE INVENTION 

It is therefore an object of the present invention to 
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provide a novel method, device, and system for regeneration 
of an optical signal independent of the bit rate, pulse shape, 
etc. of the optical signal. 

It is another object of the present invention to provide 
a method, device, and system for regeneration of an optical 
signal suitable for WDM (wavelength division multiplexing) . 

Other objects of the present invention will become 
apparent from the following description. 

In accordance with a first aspect of the present 
invention, there is provided a method for regenerating an 
optical signal. In this method, an optical signal is supplied 
to an optical waveguide structure for providing a nonlinear 
effect. As a result, the optical signal undergoes frequency 
chirp induced by the nonlinear effect. Then, an output 
optical signal output from the optical waveguide structure 
is supplied to an optical filter to thereby remove a 
small-chirp component from the output optical signal. 

By removing the small-chirp component from the output 
optical signal in the form of pulse, intensity fluctuations 
or accumulated noise especially at a top portion and/or a 
low-power portion of the pulse can be removed. Accordingly, 
the optical signal can be regenerated independently of the 
bit rate, pulse shape, etc. of the optical signal. 

Further, as the optical filter for removing the 



small-chirp component, an optical filter having a plurality 
of bands, such as an interleave filter and an AOTF 
(acousto-optic tunable filter) can be used. Accordingly, the 
present invention is applicable to WDM signal light obtained 
by wavelength division multiplexing a plurality of optical 
signals having different wavelengths to effect simultaneous 
regeneration of the plural optical signals. 

In accordance with a second aspect of the present 
invention, there is provided a device for regenerating an 
optical signal. This device comprises an optical waveguide 
structure for providing a nonlinear optical effect so that 
frequency chirp is generated in an optical signal input, and 
an optical filter for accepting an output optical signal output 
from the optical waveguide structure. The optical filter 
functions to remove a small-chirp component from the output 
optical signal. 

In the present invention, an optical fiber for 
providing normal dispersion may be used as the optical 
waveguide structure, thereby effectively generating the chirp 
in the optical signal. 

The optical signal to be input into the optical 
waveguide structure may be amplified by an optical amplifier 
such as an EDFA (erbium doped fiber amplifier), so as to 
effectively generate the chirp in the optical signal. 
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In accordance with a third aspect of the present 
invention, there is provided a system for regenerating an 
optical signal. This system comprises an optical fiber 
transmission line for transmitting an optical signal, and an 
optical signal regenerating device for accepting an optical 
signal output from the optical fiber transmission line. The 
optical signal regenerating device may be provided in 
accordance with the second aspect of the present invention. 

The above and other objects, features and advantages 
of the present invention and the manner of realizing them will 
become more apparent, and the invention itself will best be 
understood from a study of the following description and 
appended claims with reference to the attached drawings 
showing some preferred embodiments of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS. lA and IB are graphs for illustrating frequency 
chirp during propagation of a Gaussian pulse and a super- 
Gaussian pulse in an optical fiber; 

FIG. 2 is a block diagram showing a first preferred 
embodiment of the device for regenerating an optical signal 
according to the present invention; 

FIG. 3 is a block diagram showing a second preferred 
embodiment of the device for regenerating an optical signal 
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according to the present invention; 

FIG. 4 is a graph for illustrating intensity 
fluctuations in a pulse which fluctuations are to be removed 
according to the present invention; 

FIG. 5 is a diagram showing the removal of noises by 
using optical filters in the second preferred embodiment of 
the present invention; 

FIG. 6 is a block diagram showing a third preferred 
embodiment of the device for regenerating an optical signal 
according to the present invention; 

FIG. 7 is a block diagram showing a fourth preferred 
embodiment of the device for regenerating an optical signal 
according to the present invention; 

FIG. 8 is a block diagram showing a fifth preferred 
embodiment of the device for regenerating an optical signal 
according to the present invention; 

FIG. 9 is a block diagram showing a sixth preferred 
embodiment of the device for regenerating an optical signal 
according to the present invention; 

FIG. 10 is a block diagram showing a preferred 
embodiment of the system according to the present invention; 

FIG. 11 is a diagram for illustrating the transmission 
bands of an optical filter suitable for WDM signal light; and 

FIG. 12 is a block diagram showing a seventh preferred 
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embodiment of the device for regenerating an optical signal 
according to the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Some preferred embodiments of the present invention 
will now be described in detail with reference to the attached 
drawings . 

Now consider the case that an optical pulse U(z,T) 
having a width Tq and a peak power Pq propagates in an optical 
fiber, where T is time in a coordinate system moving with the 
optical pulse- In the case that the chromatic dispersion 
2 of this optical fiber is not so large and the dispersion length 
Ln = To^/| /^zlis sufficiently larger than the nonlinear length 
Ljn, = I/7P0 ( T is the third-order nonlinear coefficient) to 
the optical pulse (L^ > Li^,), the phase shift c6jjl(z,T) by SPM 
(self-phase modulation) is expressed as follows: 

0^(2, T) = |U(0,T) |^(Z3,,/L^J (1) 
where z^^f = [1 - exp(-a:z)]/a: is the effective (nonlinear) 
interaction length. 

In this case, the chirp 6 COj^ is given by the following 
expression. 

6 0)^ = -d d)^/ dT 

= -[d |U(0,T)|V5T](z,f£/L«,) (2) 
where |U(0,T) |^ corresponds to the peak power, so that Eq. (2) 
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shows that the chirp of the optical pulse becomes larger at 
its portion having a larger power slope. Further, the longer 
the propagated distance z and the shorter the nonlinear length 
(the larger the value 7Po)/ the larger the chirp. Thus, 
the chirp induced by SPM gives a new frequency component to 
the optical pulse, resulting in spectral broadening. 

Consider the case of inputting an optical pulse of m-th 
order super-Gaussian type expressed by Eq. (3) as an example 
into an optical fiber. 

U(0,T) = exp (-t'V2To'"') (3) 

In this case, the chirp 6 CO^ is given by the following 
expression. 

SO)^ = (2m/T) (z,ff/L^) (T/To)2'»-^exp[-(T/To)'"'] (4) 

In particular, for a normal Gaussian pulse (m = 1) , the 
chirp 6 COj^ becomes as follows: 

6 0)^ = (2/T) (z,ff/L^) (T/To)exp(-TVTo') (5) 

Eqs. (3) to (5) are illustrated in FIGS. lA and IB. In 
FIGS. lA and IB, the solid lines show the case of a Gaussian 
pulse (m = 1), and the dashed lines show the case of a 
super-Gaussian pulse (m = 3). The chirp is generated along 
the slope of the pulse, wherein d" OJ < 0 at a leading portion 
and 6 CO > 0 at a trailing portion (up-chirp) . Further, in the 
Gaussian pulse, the chirp is substantially linear near the 
peak of the pulse. 
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FIGS. lA and IB show that the temporal component of the 
pulse can be decomposed on the spectrum. The particularly 
important point is that a portion near the center of the slope 
where the chirp is large can be distinguished from a portion 
near the peak and edge portions where the chirp is small. By 
utilizing this point, minute power fluctuations or 
accumulated noise near the peak and the edges can be removed 
by using an optical filter. 

That is, the optical pulse is propagated in an optical 
fiber to forcibly generate SPM and separate the optical pulse 
into a large-chirp portion and a small-chirp portion in terms 
of frequency. Thereafter, a spectral component near the 
small-chirp portion (6 CO == 0 ) is collectively removed by 
using an optical bandstop filter (BSF). Thereafter, a chirp 
reversed in sign is given to the pulse to compensate for the 
chirp, thereby restoring the original waveform of the pulse 
from which noise has been removed. 

As a method for giving such a reverse chirp, it is known 
to use the chromatic dispersion (GVD) of an optical fiber, 
for example. In this method, an optical pulse propagating in 
a fiber having a GVD of /?2 can obtain an up-chirp in the case 
of /?2 > 0, i.e., a normal dispersive fiber as in the case of 
SPM or obtain a down-chirp in the case of /3 2 < 0, i.e., an 
anomalous dispersive fiber. Thus, the chirp induced by SPM 



can be compensated by propagating the optical pulse in an 
anomalous dispersive fiber. 

To effectively generate the SPM-induced chirp, the 
third-order nonlinear coefficient y of an optical fiber must 
be increased. In general, the third-order nonlinear 
coefficient y of an optical fiber is expressed as follows: 
r= Wn^/cA^ff (6) 

where O) is the optical angular frequency, c is the 
velocity of light in a vacuum, and nj and A^f^ are the nonlinear 
refractive index and the effective core area of the optical 
fiber, respectively. The nonlinear coefficient 7 of a 
conventional DSF (dispersion shifted fiber) is as small as 
about 2.6 W^Jcm"^, so a fiber length of several km to 10 km or 
more is necessary to obtain sufficient chirp. In general, for 
generation of sufficiently large chirp with a short fiber 
length, it is effective to increase a light intensity by 
increasing the nonlinear refractive index nj in Eq. (6) or by 
reducing a mode field diameter (MFD) corresponding to the 
effective core area A^^f in Eq. (6). The nonlinear refractive 
index can be increased by doping the cladding with fluorine 
or the like or by doping the core with a high concentration 
of GeOj, for example. By doping the core with 25 to 30 mol% 
of GeOj, a large value of 5 x 10'^° m^/W or more (about 3.2 x 
10"^° m^/W for a usual silica fiber) can be obtained as the 
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nonlinear refractive index nj. On the other hand, the MFD can 
be reduced by designing a relative refractive- index 
difference A between the core and the cladding or by designing 
the core shape. For example, by doping the core with 25 to 
3 0 mol% of Ge02 and setting the relative refractive-index 
difference A to 2.5 to 3.0 %, a small value of less than 4 
/zm can be obtained as the MFD. Owing to the combined effects 
of increasing the nonlinear refractive index n2 and reducing 
the MFD, an optical fiber having a large value of 15 
W"^km"^ or more as the nonlinear coefficient 7 can be obtained. 

Further, to make the dispersion length sufficiently 
larger than the nonlinear length or to compensate for the chirp, 
it is desirable that the GVD of such a fiber is arbitrarily 
adjustable. This point can also be satisfied by setting each 
parameter in the following manner. That is, in general, a 
dispersion in a usual DCF increases in a normal dispersion 
region with an increase in refractive index difference A under 
the condition that the MFD is set constant. On the other hand, 
the dispersion decreases with an increase in core diameter, 
whereas the dispersion increases with a decrease in core 
diameter. Accordingly, the dispersion can be reduced to zero 
by increasing the core diameter under the condition that the 
MFD is set to a certain value in a given wavelength band. 
Conversely, a desired normal dispersion fiber can also be 
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obtained. 

These methods allow realization of a high nonlinear 
dispersion shifted fiber (HNL-DSF) having a high nonlinear 
coefficient 7 of 15 W"^km~^ or more or a DCF (dispersion 
compensating fiber). For example, the fiber having a 
nonlinear coefficient 7 of 15 W^km'^ can achieve the same 
conversion efficiency as that by a usual DSF even when the 
fiber length is reduced to about 2.6/15 ^ 1/5.7 as compared 
with the usual DSF. As mentioned above, the usual DSF requires 
a length of about 10 km for sufficient chirp. To the contrary, 
the HNL-DSF or the DCF as mentioned above can obtain a similar 
effect with a reduced length of about 1 to 2 km. Practically, 
loss in the fiber is reduced in an amount corresponding to 
a decrease in fiber length, so that the fiber can be further 
shortened to obtain the same efficiency. 

FIG. 2 is a block diagram showing a first preferred 
embodiment of the device for regenerating an optical signal 
according to the present invention. An optical fiber 2 is used 
as an optical waveguide structure for providing a nonlinear 
optical effect. The GVD of the optical fiber 2 is ^, and the 
optical fiber 2 gives a normal or anomalous dispersion and 
a third-order nonlinear optical effect to an optical signal 
supplied, for example. 

A signal pulse 4 as an optical signal having a center 
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wavelength is amplified by an optical amplifier 6 to obtain 
a power enough to generate a required chirp. Thereafter, the 
signal pulse 4 is input into the optical fiber 2. In the 
optical fiber 2, the chirp is generated by SPM. An output 
optical signal thus chirped and output from the optical fiber 
2 is passed through an optical bandstop filter (BSF) 8 having 
a stop band whose center wavelength is k^, thereby removing 
a small-chirping component and outputting a regenerated pulse 
10 having a center wavelength A^. 

The small-chirping component mainly includes 
fluctuations in off -power (zero coded) component from a zero 
point (e.g., waveform degradation due to GVD ) and a small-slope 
component near the peak of the pulse. These components 
determine an optical signal-to-noise ratio (OSNR) . 
Accordingly, by removing this small-chirp portion by the use 
of a BSF, it is possible to suppress a reduction in OSNR due 
to the power fluctuations, extinction ratio degradation, 
noise accumulation, etc. of these components. 

The regeneration of an optical signal according to the 
present invention is primarily characterized in that it is 
not accompanied by wavelength conversion. Accordingly, it is 
possible to realize novel practical 2R (Reamplif ication and 
Reshaping) regeneration. 

The degree of chirp will now be estimated to evaluate 
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the possibility of carrying out the present invention. Let 
us consider the case that a pulse with To = 10 ps propagates 
in a normal dispersive fiber with (3^ = 10 psVkm and y = 20 
W'^km"^. Assuming that the input power of the pulse is Pq = 100 
mW, Ld > holds because = 10 km and L^^ = 0.5 km. 
Accordingly, the influence of dispersion on the chirp is 
negligible. 

In this case, the chirp 6 CO is 162 GHz (0.21 nm) for 
L = 1 km. Further, in the case of Po = 2 00 mW under similar 
conditions, the chirp 6 a) becomes 324 GHz (0.43 nm) . Further, 
in the case of using a pulse with T,, = 5 ps , the chirp 6 CO becomes 
333 GHz (0.43 nm) for L = 0 . 5 km and P^ = 200 mW. For a short 
pulse with 5 to 10 ps, a peak power of about 200 mW can be 
relatively easily realized even at a bit rate of about 40 Gb/s, 
for example. Further, a BSF having a bandwidth of about 0.2 
nm can also be realized. Therefore, the present invention can 
be carried out even in consideration of the above-mentioned 
estimate. 

FIG. 3 is a block diagram showing a second preferred 
embodiment of the device for regenerating an optical signal 
according to the present invention. In this preferred 
embodiment, the output optical signal output from the optical 
fiber 2 is passed not only through the optical bandstop filter 
8, but also through an optical bandpass filter (BPF) 12. The 
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center wavelength in the pass band of the bandpass filter 12 
is set to Ag. Although the bandstop filter 8 and the bandpass 
filter 12 are arranged in this order in the propagation 
direction of the optical signal, this arrangement order may 
be reversed. 

The roles of the bandstop filter 8 and the bandpass 
filter 12 shown in FIG. 3 will now be described with reference 
to FIG. 4. 

FIG. 4 shows intensity fluctuations in a signal pulse 
before regeneration. In FIG. 4, the horizontal axis 
represents time (T) . The chirp by SPM at each portion of this 
pulse will now be considered. Portions shown by a and a' are 
due to amplified spontaneous emission ( ASE ) noise in an optical 
amplifier or waveform distortion by fiber transmission, for 
example. The portions a and a" should be essentially in zero 
level, and the intensity at the portions a and a' is low. 
Accordingly, the chirp at the portions a and a' is small and 
it is therefore removable by the optical bandstop filter 8. 

Portions shown by b and b' show fluctuations near the 
peak of the pulse and on the slope, and they are mainly due 
to beat noise between the signal pulse and the ASE in an optical 
amplifier, and waveform distortion by optical fiber 
transmission, for example. These portions b and b ' have a band 
equal to or slightly wider than the band of the signal, so 
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that the slope is equal to or slightly steeper than the slope 
of the pulse itself. In this case, the slope is zero at the 
top and bottom of the intensity fluctuations. Therefore, the 
chirp near these portions is small, and it can be removed by 
the optical bandstop filter 8. 

However, there may exist extremely peaky fluctuation 
components as shown by c and C . At such singular points, the 
chirp is larger than that on the slope of the pulse itself, 
and the spectrum is located outside of that of a main slope. 
Accordingly, the fluctuations at such singular points can be 
removed by setting the band of the optical bandpass filter 
12 to a suitable band having a width including the spectral 
component at the main slope portion and not including the 
component at each singular point. 

According to this preferred embodiment, the output 
optical signal output from the optical fiber 2 is supplied 
to the optical bandpass filter 12 to remove a pulse portion 
having a chirp larger than that at the main slope portion of 
the pulse of the optical signal, thereby allowing the 
regeneration of the optical signal with higher accuracy as 
compared with the case of using only the optical bandstop 
filter 8. 

FIG. 5 is a diagram for illustrating a transmission band 
provided by the optical bandstop filter 8 and the optical 
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bandpass filter 12 shown in FIG. 3. In this example, two 
transmission bands symmetrical with respect to the center 
wavelength of a signal spectrum are provided. A stop band 
between the two transmission bands is provided by the optical 
bandstop filter 8, and stop bands outside of the two 
transmission bands are provided by the optical bandpass filter 
12. Accordingly, the stop band provided by the optical 
bandstop filter 8 is narrower than the pass band of the optical 
bandpass filter 12. The noise component shown by a, a', b, 
and b' in FIG. 4 can be removed by the stop band between the 
two transmission bands, and the noise component shown by c 
and C and steep slope part between b and b' in FIG. 4 can 
be removed by the stop bands outside of the two transmission 
bands . 

As the optical bandstop filter 8, a narrow-band fiber 
grating may be used, for example. As the optical bandpass 
filter 12, reflection by a fiber grating may be used or a 
higher-order filter such as a double-cavity type multilayer 
filter may be used. 

While the spectrum shown in FIG. 5 has a largest 
intensity near the center wavelength, the shape of the spectrum 
can be made flat by suitably setting the dispersion or the 
power of the pulse. In the case that the dispersion is set 
to normal dispersion (/?2 > 0) , the spectrum shape can be made 
18 



flat (in this case, the pulse is rectangularly broadened and 
chirped). In an extreme case, the spectrum becomes a 
superbroad-band white spectrum called supercontinuum (in this 
case, not only SPM, but also four-wave mixing or the like 
largely contributes to flattening of the spectrum). By 
applying the present invention to such a flat chirped spectrum, 
a constant output independent of input peak power can be 
obtained, so that the fluctuations near the peak can be 
effectively suppressed. 

FIG. 6 is a block diagram showing a third preferred 
embodiment of the device for regenerating an optical signal 
according to the present invention. In contrast to the 
preferred embodiment shown in FIG. 2, the third preferred 
embodiment is characterized in that an optical filter 14 is 
additionally provided between the optical amplifier 6 and the 
optical fiber 2. The optical filter 14 is supplied with an 
optical signal to be input into the optical fiber 2 to remove 
a noise component outside of the signal band of the optical 
signal. For example, by using an optical bandpass filter 
having a pass band whose center wavelength is as the optical 
filter 14, ASE noise accumulated outside the input signal band 
can be preliminarily removed. Alternatively, an optical 
bandstop filter having a stop band whose center wavelength 
is different from may be used as the optical filter 14. 
19 



For example, the optical bandstop filter as the optical filter 
14 may be obtained by preparing two optical bandstop filters 
respectively acting on an up-chirped signal and a down-chirped 
signal, and cascading these two optical bandstop filters. 
Further, a fiber grating may also be used as the optical filter 
14. 

According to this preferred embodiment, a noise 
component outside of the signal band of the optical signal 
is preliminarily removed by the optical filter 14, thereby 
obtaining a high OSNR and accordingly more effectively 
regenerating the optical signal. 

FIG. 7 is a block diagram showing a fourth preferred 
embodiment of the device for regenerating an optical signal 
according to the present invention. In contrast to the 
preferred embodiment shown in FIG. 2, the fourth preferred 
embodiment is characterized in that an additional optical 
fiber 16 for providing dispersion having a sign reversed to 
that of the dispersion in the optical fiber 2 is connected 
to the output of the optical bandstop filter 8. The optical 
fiber 2 provides normal dispersion (/?2 > 0), so that up-chirp 
is generated by the SPM in the optical fiber 2 and there is 
a possibility that the output optical signal output from the 
optical fiber 2 and passed through the optical bandstop filter 
8 may has a hole (partial reduction in intensity) near the 
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peak as shown by reference numeral 10'. By supplying this 
output optical signal to the optical fiber 16 providing 
anomalous dispersion {(3^ < 0), the up-chirp by the SPM in the 
optical fiber 2 can be compensated. At this time, by suitably 
setting a dispersion and input power in the optical fiber 16, 
a pulse compression effect is obtained. Accordingly, the hole 
or defect near the peak of the pulse and on the spectrum can 
be corrected. In addition, the reduction in chirp allows 
suppression of waveform degradation in subsequent 
transmission of a regenerated pulse shown by reference numeral 
18. The chirp reduction may be effected by using any other 
means such as a DCF, optical filter (e.g., fiber grating), 
and phase modulator. 

It should be noted that the optical fiber 2 and the 
optical fiber 16 may be replaced to each other. 

According to this preferred embodiment, the dispersion 
in the output optical signal from the optical fiber 2 is 
compensated by using the optical fiber 16 as a dispersion 
compensator. Accordingly, waveform degradation can be 
suppressed to thereby allow the regeneration of the optical 
signal with a higher accuracy. 

FIG. 8 is a block diagram showing a fifth preferred 
embodiment of the device for regenerating an optical signal 
according to the present invention. In contrast to the 



preferred embodiment shown in FIG. 7, the fifth preferred 
embodiment is characterized in that a pulse compressor 20 is 
additionally connected to the input of the optical amplifier 
6. Further, like the preferred embodiment shown in FIG. 3, 
an optical bandpass filter 12 is connected to the output of 
the optical bandstop filter 8. The optical fiber 16 for 
dispersion compensation and slight chirping compensation is 
connected to the output of the optical bandpass filter 12. 

The pulse compressor 20 is obtained by cascading an 
optical fiber 22 for providing normal dispersion (/?2 > 0) and 
an optical fiber 24 for providing anomalous dispersion { /3 2 
< 0). In this case, by the combination of up-chirp in the 
optical fiber 22 and down-chirp in the optical fiber 24, the 
input optical pulse 4 is compressed as shown by reference 
numeral 4 ' . To obtain required chirping in the optical fibers 
22 and 24, an optical amplifier 6' is connected to the input 
of the pulse compressor 20. 

with this configuration, the optical signal to be input 
into the optical fiber 2 undergoes the pulse compression shown 
by reference numeral 4' . Accordingly, a noise component can 
be effectively removed to thereby allow high-accuracy 
regeneration of the optical signal. 

FIG. 9 is a block diagram showing a sixth preferred 
embodiment of the device for regenerating an optical signal 
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according to the present invention. In contrast to the 
preferred embodiment shown in FIG. 8, the sixth preferred 
embodiment is characterized in that an optical bandpass filter 
26 having a relatively narrow pass band whose center wavelength 
is Ag is additionally connected to the output of the optical 
fiber 16. With this configuration, the regenerated pulse from 
the optical fiber 16 is passed through the optical bandpass 
filter 26, thereby restoring the original pulse width from 
the compressed pulse width as shown by reference numeral 18' . 

In each preferred embodiment described above, the 
optical signal regenerating device is composed of an optical 
fiber, an optical filter, and an optical amplifier. 
Accordingly, in performing optical 2R regeneration, it is 
possible to obtain remarkable effects that polarization 
dependence is eliminated, loss is low, and multi-wavelength 
simultaneous regeneration is allowed. The allowance of the 
multi-wavelength simultaneous regeneration will now be 
described more specifically. 

FIG. 10 is a block diagram showing a preferred 
embodiment of the system according to the present invention. 
This system includes an optical transmitter 28 for outputting 
WDM signal light obtained by wavelength division multiplexing 
a plurality of optical signals having different wavelengths 
( toAu), an optical fiber transmission line 30 for 



transmitting the WDM signal light output from the optical 
transmitter 28, a regenerating device 32 to which the WDM 
signal light output from the optical fiber transmission line 
30 is supplied, an optical fiber transmission line 34 for 
transmitting the WDM signal light as an output optical signal 
output from the regenerating device 32 , and an optical receiver 
3 6 for receiving the WDM signal light output from the optical 
fiber transmission line 34. The optical receiver 36 
demodulates the received WDM signal light into a plurality 
of original optical signals. 

In the case that the optical waveguide structure in the 
regenerating device 32 is an optical fiber, the dispersion 
of the optical fiber is preferably large to such an extent 
that crosstalk does not occur between the channels of the WDM 
signal light. 

The regenerating device 32 may be so configured as to 
adopt any one of the above-mentioned preferred embodiments 
in accordance with the present invention. In the case of 
adapting the regenerating device 32 to WDM signal light, (a) 
band ensuring and (b) optical filter design are important. 
This will now be described more specifically. 

(a) Band Ensuring 

To allow the simultaneous regeneration of WDM signal 
light, the regenerating device 32 preferably has a band 
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corresponding to the band of the WDM signal light. For example, 
in adopting the case of the preferred embodiment shown in FIG. 
8, all of the optical fibers 2, 16, 22, and 24 and the optical 
amplifiers 6 and 6 ' preferably have bands each wider than the 
band of the WDM signal light. This will now be described more 
specifically. 

The optical fiber 2 preferably has a band wide enough 
to uniformly give SPM to all the channels (Ch. 1 to Ch. N) 
of the WDM signal light. The response time of the third-order 
nonlinear effect in the fiber is on the order of f emto-seconds , 
so that it can be said that a sufficiently wide band is ensured. 
However, if the dispersions in the channels are different, 
there is a possibility of difference between the shapes of 
pulses in the channels. Therefore, the optical fiber 2 is 
preferably selected from a dispersion flat fiber (DFF) 
providing a suitable value of normal dispersion and a fiber 
having a small dispersion slope. 

The optical fiber 16 preferably has a band wide enough 
to uniformly compensate for the dispersions in all the channels . 
In this case, the dispersion compensation is performed by using 
anomalous dispersion, so that a DFF having a zero dispersion 
slope is preferably used and the flat region of the DFF is 
preferably ensured to be wider than the band of the WDM signal 
light. In the case that the optical fiber 2 is not a DFF, 
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however, an anomalous dispersive fiber having a suitable value 
of dispersion and a sign reversed to that of the optical fiber 
2 with the opposite slope may be used as the optical fiber 
16. 

The optical fiber 22 on the front stage in the pulse 
compressor 20 is required to provide large up-chirp for pulse 
compression. Accordingly, characteristics required for the 
optical fiber 22 are basically the same as those required for 
the optical fiber 2. That is, the optical fiber 22 is 
preferably selected from a DFF providing a suitable value of 
normal dispersion and a fiber having a small dispersion slope. 

On the other hand, characteristics required for the 
optical fiber 24 on the rear stage in the pulse compressor 
20 are basically similar to those required for the optical 
fiber 16. 

Each of the optical amplifiers 6 and 6' preferably has 
a flat band enough to amplify all the optical signals in the 
band of the WDM signal light with substantially the same gain. 

(b) Optical Filter Design 

For simultaneous filtering of the WDM signal light 
simultaneously chirped, a special filter having 
characteristics as shown in FIG. 11, for example, is preferably 
adopted. Basically, it is sufficient to prepare a pair of 
transmission bands as shown in FIG. 5 for the wavelength of 



each channel of the WDM signal light. The optical bandstop 
filter may be configured by cascading a plurality of fiber 
gratings having different stop bands whose center wavelengths 
respectively coincide with the wavelengths to of the 
WDM signal light, wherein the WDM signal light is passed 
through these cascaded fiber gratings . The optical bandpass 
filter may be configured by using an interleave filter already 
put to practical use. Further, an interleave filter or the 
like may be provided upstream of the regenerating device 32 
as required so that the WDM signal light is passed through 
the interleave filter prior to inputting into the regenerating 
device 32, thereby preliminarily removing ASE noise outside 
of a signal band. With this arrangement, high-accuracy 
regeneration of the optical signal in each channel can be 
achieved. The interleave filter may be located immediately 
upstream of the optical fiber 2 in the regenerating device 
32. 

As a modulation method for each channel of the WDM signal 
light, an optical amplitude (intensity) modulation method or 
the like is applicable. In this case, signal detection may 
be effected by separating the WDM signal light received by 
the receiver 3 6 into optical signals of individual channels 
by means of a bandpass filter and then performing optical 
direct detection or the like. 



As each of the optical fiber transmission lines 30 and 
34, a single-mode silica fiber (SMF) may be used. Examples 
of the single-mode silica fiber include a 1.3-//m zero- 
dispersion fiber and a 1.55-/zm dispersion shifted fiber 
(DSF) . 

Each of the optical fiber transmission lines 30 and 34 
may be an optical amplifier repeater transmission line 
including at least one optical amplifier. In this case, 
attenuation of the optical signals can be compensated by the 
optical amplifier, thereby allowing long-haul transmission. 

In carrying out the present invention, it is preferable 
to preliminarily compensate for waveform distortion due to 
the GVD or nonlinear effects in each of the optical fiber 
transmission lines 30 and 34, so as to effectively generate 
the chirp. To this end, a dispersion compensator or an optical 
phase conjugator may be arranged along each of the optical 
fiber transmission lines 30 and 34. Further, the present 
invention is applicable also to optical soliton transmission. 

According to the present invention, ASE noise can be 
suppressed. Accordingly, in the case that the optical signal 
regenerating device according to the present invention is used 
as a repeater, the OSNR in a transmission line can be improved. 
Further, in the case that the optical signal regenerating 
device according to the present invention is used as a receiver, 
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the receiver sensitivity can be improved. 

Finally, a chirp compensating method will now be 
described. The regenerated pulse obtained by the method 
described above still has a chirp. Since the most expected 
use of the regenerating device is an optical repeater arranged 
along a transmission line, it is preferable to preliminarily 
compensate for the chirp remaining in the regenerated pulse 
to be output from the optical repeater, so as to eliminate 
an adverse effect on subsequent transmission characteristics. 
The chirp compensation may be effected by using optical phase 
conjugation (OPC) as a first method. By applying OPC to the 
regenerated pulse, the chirp can be reversed in sign. 
Accordingly, the chirp compensation can be effected by 
following the same procedure to further perform the 
regeneration of the optical signal in accordance with the 
present invention and thereby to generate a similar chirp. 

A preferable type of OPC is not accompanied by 
wavelength shift. However, in the case that the regeneration 
of an optical signal may be accompanied by wavelength 
conversion, another type of OPC accompanied by wavelength 
shift may be used. 

A second method for chirp compensation is using the fact 
that the chirps at the leading portion and the trailing portion 
of a pulse are opposite in sign to each other. This method 



will now be described more specifically with reference to FIG. 
12. 

FIG. 12 is a block diagram showing a seventh preferred 
embodiment of the device for regenerating an optical signal 
according to the present invention. In contrast to the 
preferred embodiment shown in FIG. 1 , the seventh preferred 
embodiment is characterized in that an optical fiber 40 for 
providing normal dispersion is additionally provided between 
the optical bandstop filter 8 and the optical fiber 16 as a 
dispersion compensator for providing anomalous dispersion. 
The chirp by the optical fiber 2 and the band of the optical 
bandstop filter 8 are adjusted so that the pulse waveform of 
the output optical signal from the optical bandstop filter 
8 is temporally divided into two parts as shown by reference 
numeral 10'. This output optical signal is amplified by an 
optical amplifier 38, and then supplied to the optical fiber 
40 with a sufficient power. In the optical fiber 40, the 
trailing portion (near the center of the original pulse) of 
the leading pulse undergoes positive chirp, and the leading 
portion of the trailing pulse undergoes negative chirp. On 
the other hand, the leading pulse corresponds to a pulse 
portion having undergone negative chirp in the optical fiber 
2 , and the trailing pulse corresponds to a pulse portion having 
undergone positive chirp in the optical fiber 2 . Accordingly, 
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by applying the second chirping to the optical signal in the 
optical fiber 40 as mentioned above, the chirp at the central 
portion of the pulse can be compensated, and simultaneously 
the central hole of the pulse can also be compensated as shown 
by reference numeral 42. The pulse thus obtained is supplied 
to the optical fiber 16 as a dispersion compensator as in the 
preferred embodiment shown in FIG. 7, thereby allowing 
accurate regeneration of the optical signal. 

Further, of the pulse chirped by the optical fiber 2, 
only a positive-chirped component at the trailing portion (or 
a negative-chirped component at the leading portion) may be 
filtered (at this time, the center wavelength of each portion 
is shifted from the center wavelength of the input signal 
pulse). Then, the above positive (or negative) chirp may be 
compensated by negative chirp at the trailing portion (or 
positive chirp at the leading portion) . In the second 
chirping by the optical fiber 40, a signal extracting optical 
filter having a center wavelength coinciding with the center 
wavelength of the input signal pulse may be used. 

While an optical fiber is used as the optical waveguide 
structure for providing a nonlinear effect in each preferred 
embodiment of the present invention, the optical fiber is 
merely illustrative and the optical waveguide structure in 
the present invention is not limited to the optical fiber. 
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For example, an optical waveguide formed on a waveguide 
substrate or a semiconductor optical amplifier (SOA) provided 
as a semiconductor chip can provide a nonlinear optical effect, 
so that the present invention is applicable also to such 
optical waveguide structures other than the optical fiber. 

According to the present invention as described above, 
it is possible to provide a novel method, device, and system 
for regeneration of an optical signal independent of the bit 
rate, pulse shape, etc. of the optical signal. Further, 
according to the present invention, it is also possible to 
provide a method, device, and system for regeneration of an 
optical signal suitable for WDM (wavelength division 
multiplexing). The effects obtained by the specific 
preferred embodiments of the present invention have been 
described above, so the description thereof will be omitted 
herein. 

The present invention is not limited to the details of 
the above described preferred embodiments . The scope of the 
invention is defined by the appended claims and all changes 
and modifications as fall within the equivalence of the scope 
of the claims are therefore to be embraced by the invention. 
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